The endoplasmic reticulum (ER) is a prime mediator of cellular signalling due to its functions as an internal cellular store for calcium, as well as a site for synthesis of proteins and lipids. Its peripheral network of sheets and tubules facilitates calcium and lipid signalling, especially in areas of the cell that are more distant to the main cytoplasmic network. Specific membrane proteins shape the peripheral ER architecture and influence the network stability to project into restricted spaces. The signalling microdomains are anatomically separate from the cytoplasm as a whole and exhibit localized protein, ion channel and cytoskeletal element expression. Signalling can also occur between the ER and other organelles, such as the Golgi or mitochondria. Lipids made in the ER membrane can be sent to the Golgi via specialized transfer proteins and specific phospholipid synthases are enriched at ER-mitochondria junctions to more efficiently expedite phospholipid transfer. As a hub for protein and lipid synthesis, a store for intracellular calcium [Ca 2+ ] i and a mediator of cellular stress, the ER is an important cellular organelle. Its ability to organize into tubules and project into restricted spaces allows for discrete and temporal signalling, which is important for cellular physiology and organism homoeostasis.
The endoplasmic reticulum (ER) is the largest organelle in most cells and is present in all cells but mature erythrocytes. For over five decades, it has been recognized as a key source for internal sequestration of calcium and protein translation. Although the lumen and calcium store within the ER are essentially continuous (Park et al. 2000 , Wu & Bers 2006 , the ER is divided into distinct cellular regions: rough ER (rER, characterized by ribosomes on the surface), smooth ER (sER) and a third region, comprised in part by the nuclear membrane.
The ER consists of a membranous network of tubules and sheets extending throughout the cytoplasm (Fig. 1a) with the extent of the organelle dependent on the cell's function. For example, secretory cells such as pancreatic acinar cells have large amounts of rER and little sER (Palade 1956 ). Furthermore, the ER in a specific cell type can remodel based on changing cellular needs. When B-lymphocytes detect an antigen and transition to become plasma cells and secrete antibodies, their rough ER network is greatly upregulated, as measured by increases in ER resident proteins (van Anken et al. 2003) . Interestingly, this large peripheral network exhibits independent, dynamic changes in tubule formation and degradation as part of its normal physiology (Lee & Chen 1988) . The specialized design of the peripheral ER in this manner (Fig. 1a) allows for localized signalling within specific, restricted areas of the cell. There are a number of polarized or localized molecules in the ER [i.e. calcium-related proteins (Fig. 1b, c) , lipid synthases ( Fig. 1d) ] that have integral roles in signal transduction to and from the organelle. Specific localization of these molecules maintains normal cellular homoeostasis, primarily by influencing lipid synthesis, trafficking and imparting strict spatial and temporal control over intracellular calcium [(Ca 2+ ) i ].
The close apposition of ER to other cellular organelles, including mitochondria and the Golgi apparatus ( Fig. 1d) , promotes lipid and ion flux between (2) The mitochondria-associated membrane (MAM) is a distinct section of the ER membrane tethered to the mitochondria by proteins and is enriched with IP 3 R and phospholipid synthases (Phosphatidylserine synthase 1 and 2, PSS 1/2) to facilitate ER-mitochondria signalling. cellular compartments. In addition to its essential roles in lipid and calcium homoeostasis, peripheral ER networks may provide convenience in localized protein translation. Based on these observations, the ER is central to cellular signalling microdomains. This review discusses the processes and molecules that comprise ER-mediated signalling and highlights those that occur in restricted spaces of the cell. For our purposes, we have defined a restricted cellular space as an anatomical area of the cell that is distinctly separate from the cytoplasm of the rest of the cell, usually encompassing a small projection of a cell or nanometre domains between organelle membranes. These cellular microdomains are identified by expression of specific proteins, receptors and/or ion channels (Caceres et al. 1984 , Cerqua et al. 2010 , Billaud et al. 2014 . Numerous examples can be found throughout an organism; we will focus on dendritic spines of neurones (Bourne & Harris 2008) , plasma membranesarcoplasmic reticulum (SR) junctions in myocytes (Wang et al. 2001) and myoendothelial junctions in endothelial cells (Billaud et al. 2014) . The ER is further able to form unique signalling microdomains in close contact with Golgi, mitochondrial and plasma membranes, which are integral to calcium and lipid homoeostasis (Fig. 1c,d ).
Regulation of ER function and morphology
Physiology dictates that structure facilitates function. An understanding of ER tubules and sheets, their formation and how the ER subsequently projects into restricted cellular spaces are essential to understanding signalling in localized areas. The specialized nature of peripheral ER structural organization defies standard energetically favourable organelle formation , Terasaki et al. 2013 ) (e.g. a spheroid shape), so there must be some reasoning for the sheets and tubules to form. Some disagreement exists, but it is typically thought that the rER is found in sheet form while the sER is comprised mostly of tubules (Shibata et al. , 2010 . This may be due to the canonical views of each as hubs for protein manufacturing and calcium signalling respectively. Moreover, it is likely that the functions of the ER are segregated based on the presence or absence of ribosomes, as the highly curved tubules may not be able to accommodate ribosomal complexes. Based on the preponderance of ribosomes and their central function in protein translation, the primary function of rER has been ascribed to protein synthesis. Conversely, peripheral ER tubules, characterized as sER, primarily control calcium signalling, manufacturing of lipids and often reside in close proximity to other organelles, thus promoting interorganelle signalling (Hu et al. 2011) .
The ability of ER to signal in restricted cellular spaces is dependent on the structural flexibility of the ER membrane [for a theoretical model of how this occurs, see (Shemesh et al. 2014) ]. In peripheral ER tubules, there is enriched expression of reticulons (Fig. 1a) and receptor expression enhancing proteins (also referred to as DP1 and REEPs), ER membrane proteins (Bjork et al. 2013 ) that interact to promote ER membrane curvature and tubule formation . The caveolin proteins that form curved caveolae signalling domains in some plasma membranes are analogous in function. Mechanistically, the curvature occurs due to the proteins' two hydrophobic transmembrane segments of~30 amino acids that insert into the outer leaflet of the ER membrane to form 'hairpin'-like segments , Shibata et al. 2010 . The hairpin segments do not make up the entirety of the tubule, but are stable and oligomerized ) in a scaffold or arc-like fashion, thereby only required to make up 10% of the tubule membrane surface (Hu et al. 2011) . Without reticulons, cells express ER predominantly in the form of sheets; overexpression of reticulons leads to more cells with tubular ER . The hairpin domains of reticulons and REEPs are highly conserved across species (Hu et al. 2011) , further underscoring the importance of ER tubule formation. Once formed, these tubules can fuse to make three-way junctions with each other (Park & Blackstone 2010 ) that expand the ER network.
Junctions are important for movement or equilibration of ions and other molecules with the entirety of the cellular ER network. Tubular fusion to create the junctions is mediated by a group of proteins known as atlastins, which also interact with reticulons and REEPs (Hu et al. 2009 ). Atlastins are integral ER membrane GTPases which require GTP binding to promote tubule fusion. Overexpression or depletion of atlastins leads to long unbranched ER tubules and less three-way tubular junctions respectively (Hu et al. 2009 ). The transmembrane protein Lunapark1 (Lnp1) is also localized to three-way junctions in order to dynamically regulate the ER network. Without Lnp1 in yeast cells, the ER network collapses into a more sheet-like morphology and Lnp1 expression at the tubular ER junctions is dependent on the yeast homologue of atlastin (Sey1p) (Chen et al. 2012) . This translates to higher organisms as the same researchers determined that Lnp1 helps maintain ER structure in mammalian cells. Only 50% of junctions expressed Lnp1, but those that had Lnp1 were less dynamic (Chen et al. 2015) , indicating that junctions can form without Lnp1 but that they are less stable.
Recent work has shown ADP-ribosylation factorlike 6 interacting protein 1 (Arl6IP1), a protein that binds to atlastin, is similar to the reticulons and localizes to the ER membrane in the same hairpin fashion. This could provide another mechanism to bend the ER membrane beyond the reticulons. Indeed, overexpression of Arl6IP1 led to an excess of ER tubule formation and promoted tubule stability, similar to what has been reported with reticulons (Yamamoto et al. 2014) .
While there may be more molecules involved in ER structure and maintenance, Rab5, a Rab GTPase, is also essential for normal tubule formation and its deletion from Caenorhabditis elegans shows similar effects on ER morphology as deletion of reticulons and REEPs (Audhya et al. 2007 ). However, in contrast to the role of atlastin in binding to reticulons and REEPs, Rab5 was not shown to have direct interaction with either. Rab5 is localized on endosomal membranes, and its ability to contact the ER in this manner may account for its effects on ER formation (Audhya et al. 2007 ). This observation begins to highlight the importance of interorganelle contacts for ER distribution as well as signalling.
The cytoskeleton provides assistance with ER distribution as the microtubules of the cell facilitate localization of ER tubules in restricted spaces via several different routes. The first is the use of microtubule motors such as kinesin (Feiguin et al. 1994 , Wozniak et al. 2009 ), dynein (Wozniak et al. 2009 ) and myosin-Va (Bridgman 1999 ) that promote ER tubule movement and localization along acylated microtubules (Fig. 1a) . This has been shown to occur in small spaces such as neuronal axons and dendritic spines (Wagner et al. 2011) . Movement along established microtubules, regardless of motor presence, is termed 'ER sliding' (Waterman-Storer & Salmon 1998) . Other organelles such as mitochondria have been shown to utilize this same method of localization (Friedman et al. 2010) , a possible explanation for why ER is often localized with mitochondria in the periphery of the cell. The second route relies on formation of tip attachment complexes (TAC) between the ER and the plus end of growing microtubules, which can make up approximately one-fourth of the ER tubule extension that occurs in cells (Grigoriev et al. 2008) . TAC relies on the direct interaction of the cytosolic C terminus of an integral ER membrane protein, stromal interaction molecule 1 (STIM1; a calcium sensor in the ER) and a protein found on the plus end of microtubules, EB1 (Grigoriev et al. 2008) . This was discovered via live cell imaging of the two fluorescently tagged proteins, which showed STIM1 localized with the end of the growing microtubule in a 'comet-like' manner (Grigoriev et al. 2008) .
Like STIM1, the integral ER membrane protein cytoskeleton-linking membrane protein, (climp) 63, has a cytosolic domain that can bind to microtubules (Klopfenstein et al. 1998) but, unlike STIM1, is restricted to ER sheets. Formation of sheets is increased with expression of climp 63, which is restricted from the tubules (Shibata et al. 2010 ) and nuclear envelope due to its alpha helical segment that protrudes into the ER lumen (Klopfenstein et al. 2001) . When climp 63 is depleted, the morphology of the sheets is disrupted and the luminal space becomes smaller. This interaction between climp 63 and microtubules seems to be more for stabilization and holding the ER in place, rather than a method of ER movement. However, depolymerization of microtubules and actin with a variety of pharmacological compounds still results in a diffuse ER network in Xenopus egg extracts (Dreier & Rapoport 2000) . The functional effect of this was not fully investigated, so the resultant network may have impaired signalling. In addition to ER-microtubule interactions, receptors in the ER membrane such as the inositol 1, 4, 5-triphosphate receptor (IP 3 R) have been shown to associate with actin filaments (Grayson et al. 2004) . Actin may serve a similar function as the microtubules and helps to localize the IP 3 R in regions that are deficient in microtubules. Despite the evidence given above for the ER reliance on the cytoskeleton, it appears that peripheral ER tubules may still form and travel without the cytoskeleton, possibly with other cellular components or signals.
The maintenance of ER structure and promotion of its localization to small spaces also relies on the lipid content of the membrane. There are only nominal concentrations of cholesterol present in the ER membrane (Lange et al. 1999) ; the ratio of cholesterol to phospholipid composition is 0.15 compared to 1.0 in the plasma membrane (Zambrano et al. 1975 , van Meer et al. 2008 . When cholesterol levels increase, membrane fluidity decreases (Ikonen 2008) , so this differential composition is likely advantageous for the complex folding and tubulation, plus the dynamic extension and retraction exhibited by the ER. An accumulation of cholesterol in the ER membranes of macrophages activates the unfolded protein response and leads to apoptosis (Feng et al. 2003) , supporting the evidence that amounts of cholesterol should be kept at low levels in the ER membrane. Sphingolipids are an important group of membrane lipids synthesized in the ER, but present in low quantities in the ER membrane. Their presence and packing decreases membrane fluidity (van Meer & Lisman 2002) similar to cholesterol and higher concentrations may hinder the normal formation of ER tubules and sheets.
Lipid synthesis, trafficking and signalling centred around the ER
The roles of cellular lipids can be grouped into several diverse functions. Lipids in the form of lipid droplets, among other functions, store energy for the organism (Farese & Walther 2009) . Amphipathic lipids such as phospholipids are responsible for providing compartmentalization of organelles and individual cells. Additionally, bioactive lipids and regional membrane composition of lipids create membrane domains that further facilitate signalling, especially in the plasma membrane.
Lipids have a symbiotic relationship with the ER. Inositol 1, 4, 5 triphosphate (IP 3 ) initiates calcium release by binding to its specific receptor on the ER membrane. Phosphatidic acid can make glycerophospholipids such as phosphatidylserine, phosphatidylcholine, phosphatidylinositol and phosphatidylethanolamine in the ER (Lev 2012) . Cholesterol, a vital component of cell membranes, is made by the ER membrane localized HMG-CoA reductase (Liscum et al. 1985) . The de novo pathway of sphingolipid synthesis occurs within the ER as well (Fagone & Jackowski 2009) . Once lipids are synthesized, the ER can export them to other organelles or the plasma membrane via a non-vesicular process.
Lipid transfer proteins such as ceramide transfer protein (CERT) are a part of the non-vesicular pathway. Ceramide is a sphingolipid, itself central to sphingolipid metabolism and synthesized in the ER. It requires transportation to the Golgi in order to be metabolized into sphingomyelin or more complex glycosphingolipids. The structure of CERT is divided into three domains: one domain targets the ER membrane with an FFAT motif (Loewen et al. 2003) , another targets the trans-Golgi membrane, and the C domain, containing a steroidogenic acute regulatory protein transport (StART) site (Ponting & Aravind 1999) , solubilizes ceramide so that it may be transported between the organelles (Fig. 1d) . CERT is very specific for various chain lengths of ceramide; sphingosine and sphingomyelin are not transported despite their ability to be converted to ceramide (Kumagai et al. 2005) . In lieu of a vesicular mechanism, ceramide is taken out of the ER membrane by CERT and moved to the trans-Golgi (Hanada et al. 2003) .
The reasons why ceramide needs CERT to be trafficked this way out of the ER are not clear, but it has been hypothesized that an excess of ceramide leads to a stiffer cell membrane, thereby impeding ceramide transport in vesicles (Levine 2004) . If ceramide travelled to the cis-Golgi via vesicles, it could be glycosylated by ceramide glucosyltransferase (Levine 2004) into a more complex sphingolipid, thus complicating its metabolism back to sphingomyelin in the transGolgi. By limiting the vesicular transfer and targeting the distal portion of the Golgi, CERT may be mitigating other homoeostatic processes in the cell.
LY-A cells, a mutant Chinese hamster ovarian cell line, have a defect in the transfer of ceramide to the Golgi, resulting in lower sphingomyelin levels that cannot be explained by differences in synthesis or sphingomyelin precursor levels. This was determined to be due to a mutation in the LY-A CERT protein (Fukasawa et al. 1999) . Additionally, ceramide is not the only lipid that utilizes non-vesicular mechanisms to leave the ER. Phosphatidylinositol and phosphatidylcholine are chaperoned by phosphatidylinositol transfer proteins (PITPs) which relocate them to the PM, or any other membrane deficient in either lipid species (Cockcroft 2001) .
Sterol regulatory element-binding proteins (SREBP) and cholesterol synthesis
Sterol regulatory element-binding proteins are transcription factors that are the gatekeepers for activation of genes responsible for cholesterol and fatty acid synthesis. To maintain lipid homoeostasis, SREBPs are inhibited by high levels of sterols. The membrane sterols change the protein conformation of a SREBP-associated molecule, the SREBP cleavage-activating protein (SCAP) . When more sterol synthesis is required, SCAP becomes a chaperone for SREBP to the Golgi apparatus and the two are 'sorted' into budding COPII vesicles (characterized by the expression of vesicular stomatitis virus glycoprotein). To leave the ER, SCAP complexes with the vesicular COPII proteins [e.g. Sec23/24 and potentially Sar1B, which is known to mediate export of SREBP-2 from the ER (Fryer et al. 2014) ]. Increased sterols physically inhibit the interaction to prevent Golgi transport and continued sterol synthesis . There seems to be a number of ways to regulate this signalling, as the ER proteins Insig-1 and 2 negatively regulate the SCAP/SREBP complex by binding to SCAP and keeping the complex retained in the ER membrane under the presence of high cholesterol levels in the cell , Yang et al. 2002 . Furthermore, the flavonoid known as xanthohumol can inhibit SREBP by preventing SCAP binding to the Sec23/24 COPII proteins and decrease the expression of genes that promote cholesterol synthesis (Miyata et al. 2015) . Importantly, these molecular events can have whole animal physiological consequences. Mice fed a high-fat diet supplemented with xanthohumol were significantly less obese and had less fat accumulation in their livers (Miyata et al. 2015) .
Once SCAP and SREBP are transferred to the Golgi, they encounter sites 1 and 2 serine proteases S1P and S2P anchored in the Golgi apparatus (Sakai et al. 1998 , Nohturfft et al. 1999 , Bartz et al. 2008 . Their active sites are within the Golgi lumen, where they cleave the nSREBP domain from its precursor. Once the nSREBP is cleaved, it travels to the nucleus to activate transcription of lipogenic genes. During mitosis, the spatial separation between ER and the Golgi prevents SREBP from becoming activated and turning off lipogenic gene transcription (Bartz et al. 2008) . SREBPs upregulate the synthesis of HMG-CoA reductase, another ER membrane resident protein and the rate-limiting enzyme for cholesterol synthesis. Thus, the control of lipid synthesis and proper transfer or trafficking outside the ER can occur in a restricted manner within the cell and is important for overall cellular homoeostasis.
Molecules responsible for ER calcium signalling in cellular microdomains
A central tenet of the restricted space definition is the localized expression of specific receptors, ion channels, ion pumps and proteins that occurs in the ER and on the ER membrane. The IP 3 R is one of these molecules important for ER signalling modulation, as it is a tetrameric calcium channel with six transmembrane domains present in the ER membrane. Its ligand, IP 3 , is a well-characterized second messenger formed after the hydrolysis of phosphatidylinositol 4, 5-bisphosphate by phospholipase C. In one important study, vesicles with IP 3 R were incorporated into planar lipid bilayers and membrane potential was recorded after addition of calcium and IP 3 . This data confirmed that the IP 3 R is only activated upon addition of IP 3 and the current from the channel increases with an increase in [IP 3 ]. Although the IP 3 R is dependent on IP 3 , the presence of calcium is needed, as IP 3 cannot activate the channel alone. The activity of the channel (in the presence of IP 3 ) was low at both low and high concentrations of calcium. It seems there is a ideal concentration of calcium (~0.25 lM) that correlates with max channel activity, represented in a bell curve manner (Bezprozvanny et al. 1991) . In restricted spaces, this property can allow the IP 3 R to regulate its response more selectively to respond to physiological levels of calcium.
There are three isoforms of the IP 3 receptors, known for localized ER expression, but it is not known if this is a cause or result of the heterogeneity of calcium stores that has been proposed to exist in the ER (Montero et al. 1997 , Vermassen et al. 2004 . There is also marked heterogeneity of expression between cell types (Wojcikiewicz 1995) . Within the three isoforms, addition of molecules such as ATP can enhance IP 3 R activity and calcium mobilization to an extent. Addition of ATP increased calcium signalling in only the first and third isoforms of IP 3 R, suggesting differential regulation of activity between isoforms (Miyakawa et al. 1999) . The isoforms also have different sensitivities, or tendency to release calcium in response to low concentrations of IP 3 ; IP 3 R2 has the highest sensitivity, followed by IP 3 R1 & IP 3 R3. Subtype colocalization leads to an additive sensitivity to IP 3 and one isoform becomes more dominant in response to ATP or calcium (Miyakawa et al. 1999) . This is important for specific localization of isoforms, as they can have differential effects on the calcium signal or response to IP 3 in the restricted space.
The location of the IP 3 R has been suggested to be mobile within the ER membrane; depending on the calcium status of the cell, the various isoforms can move within the lipid bilayer to cluster in specific areas (Vermassen et al. 2004 ). Clusters of IP 3 R have been observed upon increases in [IP 3 ], relevant for the local calcium signalling in microdomains. As [IP 3 ] increases, the number of IP 3 R opening also increases, which results in sequentially larger calcium signals into the cytoplasm. However, this paradigm of IP 3 R mobility within the ER membrane has been questioned. Instead, clusters of IP 3 R may be pre-localized (rather than moving to that location upon increases in IP 3 ) to quickly release calcium (Smith et al. 2009 ). Ultimately, keeping the increases in IP 3 restricted to a specific area prevents the signal from propagating throughout the cell and tissue. Cells can use inositol polyphosphate-5-phosphatase to compartmentalize calcium release by degradation of IP 3 to IP 2 (Hansen et al. 1987 , Mitchell et al. 1989 , and the phosphatase activity depends on the amount of both IP 3 and calcium (Sims & Allbritton 1998) .
There is more than one way to elicit calcium release from the ER or sarcoplasmic reticulum (SR); IP 3 is not the only second messenger in this physiological process. Extracellular calcium, magnesium, ATP and a number of adenine nucleotides (e.g. ADP, AMP, cAMP and adenosine) that enter the cell are able to interact with ryanodine receptors (RyR), calciumgated calcium channels on the ER and SR membrane (Lanner et al. 2010) . RyR are the largest known ion channels and, at~2 MDa, are roughly twice the size of IP 3 R. This extraordinary size facilitates a much higher amount of calcium released per opening (Bezprozvanny 1996) and allows more space for interaction with regulatory and modulatory proteins. For example, RyR are part of a macromolecular complex in the SR that includes voltage-gated calcium channels Ca v 1.1/Ca v 1.2, protein kinase alpha, FKBP12 and 12.6, triadin, junction and calsequestrin (Lanner et al. 2010) . Both the RyR and IP 3 R have specific calmodulin and calcium--calmodulin kinase II binding sites (Bezprozvanny 1996) , suggesting similar patterns of regulation.
Despite their large size and multitude of modulatory proteins, the RyR can be localized in myocytes to areas of the SR in close contact with the sarcolemma.
The resultant localized calcium signals from RyR have been called sparks, due to their appearance with calcium indicators, and to distinguish them from other localized calcium signals that are caused via IP 3 R opening. The enrichment of RyR facilitates the localized sparks that occur in cardiomyocytes (Cheng et al. 1993) and vascular smooth muscle (Nelson et al. 1995) and can be blocked with micromolar concentrations of ryanodine. The IP 3 R and RyR are two of the more important channels regulating calcium signalling in restricted cellular spaces and have adapted to do this in a number of cell types.
ER-mediated calcium signalling in restricted spaces
Cytosolic concentrations of calcium are physiologically kept at nanomolar levels, but the sequestered ER calcium concentration can create localized calcium microdomains into a specific area of the cell. Typically, these areas consist of an ER projection into a cellular extension or the presence of the ER membrane within tens of nanometres from the PM. The structure and specific localization of proteins facilitate the restricted calcium signalling that occurs in these small spaces and this signalling has important physiological consequences (Billaud et al. 2014) . Elementary calcium release events occur in the microdomains, but can be coupled together, as in the case of cardiomyocytes, to produce a more significant effect on the cell.
Structure of restricted spaces involved in calcium signalling
There are a number of cell types that utilize restricted spaces to localize signalling and concentrate ER expression in these areas. For example, neurones in many areas of the brain are more likely to exhibit dendrites that have spines, including the hippocampus, cerebellum and cortex. There are a number of advantages to the addition of spines to dendrites. They make more connections with other neurones, promote plasticity within the brain and prolong calcium signals (Park et al. 2008) , indicating the importance of the ER that is localized to the dendritic spine (Emptage et al. 1999 , Wagner et al. 2011 . They can be differently shaped depending on the head vs. neck diameter of the projection (i.e. mushroom-like, branched, stubby and thin) (Bourne & Harris 2008) , which could cause differential signalling by slowing or speeding up calcium diffusion.
This spine-like morphology is not limited to the nervous system. Endothelial cells, which are polarized like neurones with an apical and basal side, exhibit similar projections which occur predominantly in the walls of small resistance arteries (Heberlein et al. 2009 ). They send projections basally across the internal elastic lamina to make contact with the opposing smooth muscle cells, creating signalling domains known as myoendothelial junctions (MEJ) that exhibit the presence of ER, as evidenced by the localized expression of numerous ER resident proteins (Isakson et al. 2007 , Isakson 2008 , Ledoux et al. 2008 , Toussaint et al. 2015 . There is evidence for microtubular presence in the MEJ, important for trafficking protein-mRNA complexes (Heberlein et al. 2012) , but this may also be a mechanism of ER localization to the MEJ. An example of ER at MEJs is demonstrated in Figure 2 .
Localized expression of calcium-handling proteins
A common theme, despite differences in cell type and physiological output, is the specific localization of proteins and receptors involved in calcium signalling to the restricted spaces. This expression primarily occurs due to a protein's specific association with the ER and confers the ability to initiate or terminate calcium signalling, which is vital to segregate signalling from the cytoplasm. The IP 3 R is one of the best examples of proteins involved in localized ER signalling as it has been shown to be localized in nerve terminals (Takei et al. 1992) , dendritic spines (Wagner et al. 2011) , at the MEJ (Isakson 2008 , Toussaint et al. 2015 , and the nuclear envelope of cardiomyocytes (Bare et al. 2005) . Because the IP 3 R is a transmembrane ER protein, it is also strategically located to interact and influence luminal protein localization.
Chaperone proteins within the lumen of the ER or SR can be highly localized to restricted spaces to participate in calcium signalling and buffering. At triadic junctions, where localized calcium signalling occurs in myocytes, calsequestrin is enriched, along with the ER transmembrane proteins triadin and junctin, and the three molecules form a macromolecular complex with the RyR (Terentyev et al. 2007) . Calreticulin, an ER resident protein and calcium buffer (Michalak et al. 2009 ), is present in the MEJ . This illustrates the capacity of calcium buffers to localize to specific parts of the ER lumen and potentially increase calcium storage within the reticular network. This in turn can modulate specific processes involved in calcium release. Ultimately, the combination of calcium release, calcium uptake, calcium sensing and calcium storage in restricted spaces is conferred by the localized expression of specific proteins.
Signalling processes: implications for function
Calcium as a signalling molecule has a broad range of actions: fertilization, proliferation, secretion and metabolism. However, in specific localized cellular regions, the effects of calcium signalling seem to be more limited to events that control contraction (cardiomyocytes, smooth muscle cell) and synaptic plasticity (neurones).
Calcium-induced calcium release (CICR) is the foundation of excitation-contraction coupling and is a physiological process that is founded on signalling in a restricted space. It occurs in a gap between the SR and the plasma membrane that is roughly 12 nanometres wide. When an L-type calcium channel opens upon cellular depolarization, the extracellular calcium influx into this area activates roughly four RyR located on the SR. Using calcium imaging via a patch clamp technique combined with confocal microscopy, the opening of the calcium channel on the PM looks like a 'sparklet', a very small calcium release signal, while the calcium leaving the SR appears as 'sparks', a localized but more robust calcium release (Wang et al. 2001) . Combining the rich source of extracellular calcium with the sequestered SR source is a perfect design to spatially manage the calcium response within the cardiomyocyte and ultimately the contractility of the heart. Calcium-induced calcium release is not limited to myocytes. When a hippocampal pyramidal cell is stimulated with an electrode to depolarize the membrane, ionotropic NMDA receptors are activated by glutamate and glycine, triggering an excitatory, post-synaptic calcium transient that is restricted to the dendritic spine. Cyclopentazoic acid, an inhibitor of the sarcoplasmic-endoplasmic reticulum ATP-ase, greatly diminished this transient, suggesting that the calcium transient needs a small calcium influx via NMDA activation to subsequently trigger calcium release from the ER (Emptage et al. 1999) .
In a different pathway but with similar physiological effects, parallel fibres synapse on cerebellar Purkinje neurones, releasing glutamate that activates local metabotropic glutamate receptors (mGluR) located on the dendritic spines. Smooth ER localized here exhibits the presence of IP 3 R, which releases calcium in response to the IP 3 generated via mGluR activation. The IP 3 R activation is confirmed as a delayed calcium response (it appeared after the CICR calcium signal) using confocal microscopy and inhibited by addition of heparin (Finch & Augustine 1998) . Spread of the signal was restricted, due to the short half-life of IP 3 combined with the limited physical space. The combination of depolarization and parallel fibre signalling, with ER calcium release is a hallmark of long-term depression. The importance of the depolarization/ mGluR generation of IP 3 and calcium release from the ER signalling cascade in long-term depression and synaptic plasticity is underscored by no changes in the excitatory post-synaptic current or potentials of Purkinje neurones (e.g. no long-term depression) of mGluR1 knockout mice (Aiba et al. 1994) , inhibition of IP 3 R with heparin (Khodakhah & Armstrong 1997) and in cerebellar neurones of IP 3 R1 knockout mice (Inoue et al. 1998) .
Thus, restricted neuronal expression of ER and calcium signalling is important for structural plasticity of the brain, which relies on long-term depression. Structural plasticity occurs when the architecture of the brain is physically changed as a result of learning (e.g. synapses move and strengthen). In the hippocampus, this can be directly related to learning and memory, Figure 2 An example of endoplasmic reticulum in restricted spaces, the myoendothelial junction. An antibody against SERCA was used as a marker for endoplasmic reticulum (ER). In this example, thoracodorsal arteries were removed from a mouse, cut longitudinally and viewed en face. The arteries were immunolabelled for SERCA, isoform 2 (green), and counter stained with Alexa Hydrazide 633 to mark the internal elastic lamina (IEL) between endothelium and smooth muscle and reveal holes where myoendothelial junctions reside (grey). DAPI staining was used to mark endothelial and smooth muscle nuclei (blue). Arrows point to examples of ER in holes of the IEL and scale bar is 10 lm.
while in the cerebellum, it is related to motor learning and physical coordination.
Similar to structural plasticity in dendritic spines, repeated and restricted calcium signals in the vascular wall have important physiological outcomes and facilitate cell-cell communication. The MEJ is a small projection, approx. 0.5 lm wide and long, thus localized calcium release from IP 3 R had been difficult to image for many years. Using a unique mouse model that has a calcium biosensor in the endothelium (GCaMP2) and small mesenteric resistance arteries, holes in the internal elastic lamina were, for the most part, associated with calcium pulsars, IP 3 R-mediated calcium release event from the ER. These pulsars occur on a regular basis (about 270 ms apart) and in the same locations (i.e. the holes in the IEL). In comparison with other restricted calcium signals in vascular smooth muscle, measurable pulsars are slower and have smaller amplitude. Pharmacological inhibition of mediators in the IP 3 -calcium release pathway showed that there is a basal level of IP 3 in EC that can cause calcium pulsars (Ledoux et al. 2008) . Other researchers have used pressurized rat mesenteric arteries with Oregon Green 488 BAPTA-AM dye to show that the ER mediates spontaneous calcium events at the MEJ (Kansui et al. 2008) and after smooth muscle stimulation with phenylephrine (Kansui et al. 2008) . The exact mechanism and pathway for the ER-mediated signals is still under investigation: calcium/calmodulin kinase II has been suggested as one mediator of IP 3 R pulsars (Toussaint et al. 2015) . ER calcium signals at the MEJ are an important way to allow communication between endothelium and smooth muscle. It is possible the physiological output of ER-mediated calcium release could be activation of calcium-activated potassium channels [e.g. (Sandow et al. 2006 ] and subsequent vasodilation. More work on this topic regarding receptor localization and function especially in regard to the ER is certainly required.
ER signalling involving crosstalk with other organelles
The ER is dispersed throughout the cell and as such, makes connections with a number of other organelles (Toulmay & Prinz 2011) . These connections, typically separated by a 10-40 nm distance, are purposefully designed to take advantage of other cellular resources and are likely sER due to a lack of ribosomes (Hu et al. 2011) .
Mitochondria (mitochondrial associated membrane)
Mitochondria are close partners to the ER and the two organelles can make contact at the mitochondrial associated membrane (MAM), which acts as a bridge between ER and mitochondria. It is estimated that 5-20% of the mitochondrial surface consists of MAM (Rizzuto et al. 1998) and that areas of mitochondrial division within the cell are concomitant with ER tubule presence (Friedman et al. 2011) . Lipid and calcium transfer are the prime reasons for their association. The ER makes a number of lipid species [e.g. phosphatidylserine (Shiao et al. 1995) ] that the mitochondria must import. Furthermore, increases or decreases in mitochondrial uptake of calcium via its uniporter can be a trigger for autophagy or apoptosis respectively. The IP 3 R is clustered in this membrane (Olson et al. 2010 ) and a slight increase in calcium near the mitochondria can increase mitochondrial metabolism, causing increased synthesis of ATP. Mitochondria can also buffer the calcium signal caused by ER calcium release, which can lead to an increase in IP 3 R activity (Olson et al. 2010) .
Another important function of the MAM is for phospholipid synthesis (Vance 1990) . A number of enzymes that synthesize lipids are located in this region, one specifically being phosphatidylserine synthase (Stone & Vance 2000) . Once phosphatidylserine is made in the MAM, it can easily be transported to the mitochondria nearby (Fig. 1d) . In contrast to the vesicular transfer of lipids described earlier, the MAM is able to transport lipids in a non-vesicular fashion, likely via movement within the membrane to the mitochondria.
Recent research has focused on proteins that play central roles in linking the membrane of the two organelles. One of them is trichoplein/mitofusin, which interacts with mitofusin 2, a GTPase localized to both the outer mitochondrial membrane and the ER, indicating its presence in the MAM (de Brito & Scorrano 2008 , Cerqua et al. 2010 . In cells that lack mitofusin 2, calcium coupling between the ER and mitochondria is decreased, probably due to an increased distance between the organelles. Interestingly, these experiments indicated mitofusin 2 also regulates the structure of the ER network as the knockout cells exhibited fragmented ER (de Brito & Scorrano 2008) . Presenilin proteins 1 and 2 are found at the interface of the MAM and mutations in their structure are implicated in Alzheimer's disease. The second isoform is responsible in part for tethering ER to mitochondria and interorganelle calcium transfer (Zampese et al. 2011) , so it is evident that the proteins controlling these interactions are important for normal cellular homoeostasis.
Plasma membrane
The ER-plasma membrane junction with a separation of 7-30 nm was first described in excitable cells in regard to calcium flux, and these observations remain highly relevant today (Carrasco & Meyer 2011) . Not only is the signalling that occurs between the ER and plasma membrane localized in a small space, but also the junctions themselves could be polarized to a specific region of the cell, as only 5% of the PM has these junctions (Wu & Bers 2006) . Lipid transfer can occur between the membranes as well, but this has been shown solely in drosophila and yeast cells; its relevance to mammalian cell signalling and physiology is unclear.
Store operated calcium entry (SOCE) is calcium signalling that occurs in the space between the ER and plasma membrane, originating from the ER (Fig. 1c) . It is the main method of calcium entry in non-excitable cells, but it was not until the past 10 years that the proteins responsible, STIM 1/2 and Orai 1-3, were understood and integrated as part of the process. When ER calcium is depleted, by any means (IP 3 R mediated, experimentally with thapsigargin or otherwise), SOCE occurs and extracellular calcium enters the cell. This is reflected in the emergence of the inward calcium release activating current (I CRAC ) (Hoth & Penner 1992) . This current is due to the CRAC channel being permeable to calcium. The Orai gene encodes the CRAC channel and its proteins make up the pore of the channel that is responsible for the calcium influx. STIM1 is localized to the ER membrane as a single pass transmembrane protein, where it can make a physical interaction with the N and C termini of Orai1 (Park et al. 2009) .
The mechanism by which SOCE occurs begins with the depletion of ER calcium and the ability of STIM1 to sense this deficit and oligomerize, thus setting off a signalling cascade to refill the ER calcium level (Liou et al. 2005) . Its structure contains an EF hand, a structural domain that is known to bind calcium, in its ER lumen located N-terminus. STIM1 translocates to an area of the ER near the PM (punctates corresponding to STIM1 appear within 10-25 nm of the PM) to subsequently activate the calcium release activated calcium (CRAC) current. When STIM1 is expressed alone and calcium is depleted, STIM1 punctates still appear localized near the PM. However, when GFP-tagged Orai1 is expressed alone and thapsigargin is added to the cell, no punctates are seen until both STIM1 and Orai1 are expressed together (Park et al. 2009 ).
The tubule design of the peripheral ER can be further appreciated in this context, as it was shown that deletion of reticulon 4 caused ER tubules to morph into sheets , Jozsef et al. 2014 ) and this affected the cellular SOCE but none of the other important ER functions (Jozsef et al. 2014) .
Conclusion
Microdomains within the cell allow for compartmentalized ER signalling that can be separate from overall cell function or be integrated into a larger physiological response. Although energetically unfavourable, the formation of the diffuse tubules of the peripheral ER network allows for localization into restricted spaces of cells, such as neuronal dendritic spines and for contact with other organelles (Fig. 1) . The purpose of ER-mediated signalling within a small space permits molecules with vulnerability to degradation or modification, such as IP 3 or ceramide, to have a greater impact. Localized ER signalling saves energy and time as proteins, lipids and ions do not have to traverse large distances, allowing a faster, more efficient effect. The extensive and unique properties of the ER allow it to localize and enhance otherwise weak signals, which can have important functional effects on physiological processes within an organism.
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